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1.0 "inito-Dimensional Controllers for Infinite-Dimensional Systems

Many engineering systems, such as large aerospace structures,

exhibit distributed parmeter system (DPS) behavior and their dynamics

* must be described on infinite-dimensional state-spaces. The most

Sf undamental constraint for feedback control of DPS is that the controller

algorithm be finite-dimensional in order to be realized with an on-line

computer and a finite number of control actuators and sensors. This is

I especially serious since there is no guarantee that a finite-dimensional

4' controller can stabilize a DPS; in fact, there are examples to the

contrary.

"The most obvious, and most often used, approach to desijn of

finite-dimensional controllers for DPS is to make a finite-dimensional

approximation, i.e. reduced-order model (ROM), of the open-loop DPS and!
then design the controller directly from the ROM. In particular, when

,.

the exact modes of the DPS are known, such a controller can be designed

from a low-order modal approximation; however, this does not necessarily

lead to a stable closed-loop design.

We have taken a very different apprcach: make finite-dimensional

-?proximations of infinite-dimensional controllers which stabilize the

OPS. We concentrate on exponential stability, rather than weak or

strong, stability of the DPS because of its robustness to bounded

perturbations. We have saxown conditions under which Galerkin

approximation schemes of a quite general nature can yield

finite-dimensional stablizing coatrollers for linear DPS. Furthermore,

in the special case where the modes of the DPS are known, this leads to a

0
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special fora of the controller: it is the old modal controller au3mented

by a residual mode filter which counteracts the observation spillover

terms in the sensor outputs to produce stable closed-loop operation.

Even when exact modal kuvledge is not available, good approximate modal

data can be used effectively for such designs.

2.0 Direct Adaotive Control of Linear DPS

To our knowledge there has aever been a proof of stable adaptation

of a finite-dimensional adaptive algorithm in closed-loop with a linear

DPS. In analytical terms this is a nonlinear, time-varying, infinite-

dimensional stability problem. We have taken a model reference adaptive

control approach using command generator tracker concepts to produce a

finite-dimensional direct adaptive controller for linear DPS defined on

Hilbert spaces. We have shown that such schemes are Lagrange stable,

i.e. all trajectories enter a small neighborhood of the origin and never

leave; the size of this neighborhood can be estimated; see Ph.D. Thesis

of I. Wen.
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* (with Z. Islas), 18th Annual Conference on Informat~ou Sciences and

Systems, Princeton University, Princeton, New Jersey, March 1984.

GU.

1Z "i W:1ý ý'i



-5-
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Abstract

Modal control has often been proposed as a. way to design stabilizing low or-

der controllers for Distributed Parameter Systems (DPS). However, it is well

known that such controllers, designed from a. reduced order modal model,

do not necessarily stabilize the actual DPS. In this paper, we prove that

exponential closed-loop stability can always Ire achieved by the addition of

a very low order Residual Mode Filter (RMF; Due to the uncertainty of

modal data for the Large Space St--ucLure (L•S), a real-time adaptive con-

troller has been designed and tested muccessf-ulIJ7 viz computer simulation.

The controller, implemented in a digital rrinin.omputer, consists of a modal

Reduced-Order Modet (ROM) controller, a bank of RMfs and a bank of

Frequency Locked Loops (FLL) with associated bandpass filters for real-

time parameter identification. Three DPS examples: A simply supported

Euler-Bernoulli beam, a telegraph equation and a. Space based Laser (SBL)

beam expander are presented to illustrate the application of this concept.
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ABSTRACT

For distributed parameter systems ,DPS), which are inherently infinite

dimensional. a full order compensator is not feasible and reduced order

compensators must be desizned. Often reduce6 order compensator designs are

based on a reduced irder model (ROM, of the system. Issues related to such

compensators are the subject of this thesis, and algebraic techniques are the

main toot used to study them. Using a special kind of fractional

representation. we obtain several properties of a parametrization of stabilizing

compensators including a bound on the order of a stabilizing compensator.

Using this fractional representation for the ROM. a new method for the design

of reduced order stabilizing compensators is developed. The method is simple

to use and is illustrated by an example in which we design a First order

stabilizing compensator tor an unstable DPS governed by the telegraph

equation. The method can be extended to problems where features such as

sensitivity minimization and disturbance rejection are additional design goals.

We show that every exponentially stabilizing compensator is in fact an

observer-based compensator for a ROM of a stabilizable and detectable

realization of the plant. Mforeover, this ROM is associated with a pair of

stabilizing subspaces for the system. We also studied properties of a fixed

order optimal LQG compensator. which are known to be observer-based

compensators for a ROM ot' the system. We show that a fixed order optimal

LQG compensator is aiso opcimal for another realization of -he plant. and here

again the ROM is as-ciahed with stabilizing subspaces. Under some

conditions. the comn a.nreiated via modal projections to the full order

optimal LQG comnerisr
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ABSTRACT

Though great advances have been reported in adaptive control

for single-input/single-output ýSIlS) systems and some

multi-input/multi-output (MIMO) systems, a large amount of a priori

structural information of the plant is needed for m',st of the methods

prooosed. This is unsatisfying because all physical systems have some

unmodelled dynamics and structure and operate in noisy environment.

In fact, in many high performance control system design, the

distributed nature of the plant must be taken into account. These

distributed parameter systems may be modelled by delayed differential

equations, partial differential equations or integral equations. They

must be analysed in the appropriate infinite-dimensional state space.

A particular approach, model reference adaptive control (MRAC)

with command generator tracker (CGT) concept, adopts a set of

assumptions that are not system dimension dependent. The method has

been applied successfully to some finite-dimensional systems and show

promise for thu infinite-dimensional state space generalization. In this

thesis, the scheme is modified in order to make the transition of this

theory from finite dimensions to the infinite-dimensional Hilbert Space

4 mathematically rigorous. As a bonus, the modified scheme also

improves performance in the finite-dimensional case in terms of rate of

convergence, robustness with respect to unmodelled dynamics, input

and output disturbances ani oaramete;- variation. We have also relaxed

the model matching c1,,:r, to an asymptotic form. The proposed

modification can also tot e' t other adaptive control schemes

yielding improvement n ..s~ess. Three DPS examples, heat

viii
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equation and'beam equation with marginally stable rigidbody modes and

first order delay equation, and many finite-dimensiona! examples are

given to illustrate the application of this scheme.
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ABSTRACT

Control of t.he distributed paraL. qystems (DPS) usually in-

volves dynamical descriptions on infinite-c aensional Hilberg or Banach

spaces of functions. For a linear stabilizable and detectable DPS, an

infinite-dimensional feedback controller exists so that the closed-loop

sy3tem is stable. However, this infinite-dimensional controller gener-

ally cannot be implemented with practical computers and devices.

Consequently, the reduced order modeling of DPS becomes extremely cruicial

for finite-dimensional controller design. In this thesis, GalerkitL (or

finite element) methods are presented as a way to develop finite-

dimensional Galerkin coIrrollers by approximating the infinite-dimensional

stabilizing controller for a class of linear DPS. This investigation

will give a very simple sufficient condition, i.e. the test of nonsin-

gularity of a matrix for a finite-dimensional Galerkin feedback controller

to perform as well as the infinite-dimensional stabilizing controller.
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ABSTRACT

A candidate method of on-line parameter estimation for

distributed parameter systems (OPS) has been tested In the case

of an elastic vibrating string via computer simulation. This

method incorporates the jse of a constant-gain extended Kalman

filter, the design of which is based on a finite dimensional

approximation or reduced order model (ROM) of the OPS. Because

the unknown parameters are treated as additional ROM states to

be estimated by the filter, the resulting filtering problem be-

comes non-linear and is therefore linearized about a desired

OPS state to facilitate calculation of the filter gains. Time

varying error covariance update equations are not included for

on-line implementation because of the computational burden im-

posed by relatively high filter order, and subsequently the time

invariant filter-gains are calculated by solving the steady state

Riccati error covarlance equations. For successful filter opera-

tion the DPS must be kept away from its unforced equilibrium so

that the parameters are identifiabl..

Results from simulations of a variety of vibrating string

cases are promising and indicate that the designer has a fairly

high degree of ;ontrol over filter performance.

Fri

W

0-



• •,,v,, ~ sr,•*r r • • - -•' ' • • "r" 1

BOUNDARY AND INTERIOR CONTROL OF PARABOLIC OPS

USING FINITE DIMENSIONAL COMPENSATORS

i•M y by.

Zhougmei Gu

A Thesis Submitted to the Graduate

Faculty of Rensselaer Polytechnic Institute

in Partial Fulfillment of the

Requirements for the Degree of

* MASTER CF SCIFNCE
~ I.

Approved:

I Mark J. Ba -s
Thesis Advisor

Rensselaer Polytechnic Institute

Troy, New York

August 1984

[

0, i
OEurr.~iI.W f ~f i



ABSTRACT

Many high performance systems nust be ,:.odelled by

partial differential equations. Generally speaking, it is not

possible to implement an infinite dimensional feedback controller

for these distributed parameter systems. It is proved that,, for

a class of parabolic distributed parameter systems with bounded

or unbounded feedback control and observation which satisfy

certain conditions, there exist finite dimensional comnpensators.
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Abstract

Three distributed parameter models for the lateral dynamic behavior of a

moving web in an n-roller system were investigated. A span of web moving

longitudinally and under tension, was modeled as either a string, an Euler-Bernoulli

beam, or a Timoshenko beam. A quasi-static simplification based upon spectral

separation was made to simplify the models. Boundary conditions at the web-roller

interface were determined from the kinematics of web roller interaction. f 2

kinematIcs of web contact on a roller was also investigated, ar ynamics were

introduced through the formulation of the boundary conditions. Closed-loop

simulations, using a state space version of the simplified model, were in agreement

with experimental results only when the web was modeled as a Timoshenko beam.

The model was manipulated into a form suitzble for modern multlvarlable control

design.

Disturbance rejection of a forced input was the objective of the control design.

It was shown that disturbance rejection can be act'ieved at a specified location in the

web path if one actuator is used in the control loop. More imrtantly, it was shown

that complete disturbance rejection everywhere downstream .ý*"the control loop is

possible if two actuators are used in the control system.
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ABSTRACT

We propose an on-line control approach which will adjust the

steady-state shape of a large antenna arbitrarily close to any

achievable desired profile. The method makes use of distributed

parameter system theory and allows refocusing using a limited number

of control actuators and sensors.

The controller gains are calculated by approxiiating the

solution to an infinite-dimensional optimal quasi-static control

problem. The Galerkin (finite element) approximation tuethod is used

for model reduction. We prove that both gain and state convergence

can be achieved by using the proposed approximation scheme. We also

prove that the performance index of the approximate controller

converges monotonically to the performance index of the infinite-

dimensional optimal quasi-static con rol. problem.

I
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ABSTRPACT

In this paper the structure with respect to dynamic outputS-

feedback stabilizability of a class of I near distributed parameter systems

-- U is examined. The class of linear distributed parameter systems considered

are time-invariant state space systems on infinite dimensional Banach spaces

with bounded sensing and control.
Connections are made with the algebra of transfer functions developed

by Callier and 1*soer and the state space systems under consideration. These

connections show the necessity of an assumption used in the literature known

as the spectrum decomposition assumption for state space systems which are

exponentially stabilizable and detectable. Connections between input-

output stability and state space exponential stability are made. These

connections coupled with recent results of Nett on the parameterization of

all finite dimensional input-output stabilizing compensators allow the extension

to be made to parameteriZe' all finite dimensional exponentially stabilizing

compensators for the class of state space distributed parameter systems

under study.
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THE FRACTIONAL REPRESENTATION APPROACH TO ROBUST
LINEAR FEED8ACK OESIG: A SELF-CONTAIN•JE• EXPOSITION

by

Carl N. Nett

Oept. of ECSE
RPI

Troy, NY 12T81

ABSTRACT

The problem uf robust linear feedback design is addressed via fractional

representation theory. As such, the results presented here apply to many classes

of MIMO .irear systems of engineering interest, including multidimensional, dis-

tributed, time-varying, and discrete-time systems.

The exposition is essentially self-contained and begins with a consolidation

and slight extension of previous work in the area of fractional representation

theory. The theory is then extended to encompass the problem of robust regula-

tion, which consists of tracking and. disturbance rejection in the face of plant

uncertainty. In particular, a necessary and sufficient condition for robust

resculation is derived in the form of an internal, model principle, from which

it follows that robust tracking is equivalent to robust disturbance rejection.

The set o- all robust regulators of a iiven plant is then characterized in

terms of the set of all stabilizing controllers of a related plant. This allows

development of an explicit afr"ne :arameterization of the set of all robust

regulators of a given plant. ---s -esj'it appears to be particularly useful in

the design of optima' sens4:v':, -,:, reguiators, as it is shown that such a

design can be formulated in "e-e ai i:-tirnal sensitivity stabilizing controller

of a related plant.

L" -



RAL 30

In conclusion, the widespread applicability of the theory and its utility

in des-ion are demonstrated by giving essentially complete results concerning

the problem of finite-dimensional robust regulat•.n of LT7 distributed

systems. Necessary and sufficient conditions are given for the existence

of a prcper finite-dimensional robust regulator of a given strictly proper

distributed plant. An explicit affine parameterization of a set of robust

regulators, is given, and it is shcw~n thas this.set: contains the set of all

proper finite-dimensional robust regulators as a dense subset. Th;s allows

an "optimal" design to be selected from the first set, ana the optimal

performance to be approxi-ated arbitrarily clc,- 7y with a finite-dimensional

design. All results are constructive in nature, and hence form the basis

for a practical design methodology.
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